Models based on laboratory measurements are often used to relate electrical conductivity inferred from magnetotelluric studies to the physical and chemical state of the upper mantle. Very few of these models permit the existence of multiple conducting phases in the rock, however. In the example here from the southern Sierra Nevada, we show that constraints on the conductivity from MT and partial melts from xenoliths limits the choice of models. We show that the Hashin-Strikman upper bound often used for melt-matrix systems overestimates the effective conductivity for a multiphase system and present an alternative model based on embedded composite spheres that fits the constraints better. We also show that this alternative model predicts connectivity relationships between two melts which are observed in experimental petrology. This result suggests that electrical conductivity may be used to infer in situ melt properties in the mantle.
Introduction
Magnetotelluric (MT) studies are designed to provide a cross section and/or map of the variations of electrical conductivity within the crust and mantle [Vozoff, 1991] . Then, this distribution of conductivity is interpreted in its geologic context. Because the causes of electrical conductivity in the earth are many, some outside constraints are needed in order for the interpretation to be useful. A conductivity of 0.1 S/m (or alternatively, a resistivity of 10 ohm-m) could be due to dissolved solids in sands in the shallowest 100 m, fractions of a percent of brine at depths of 10-20 km, or partial melt in the mantle at 40-70 km. Electrical conductivities of greater than 0.01 S/m in the lithosphere results from inclusion of a small fraction of a very conductive, interconnected phase, whether that phase is brine, partial melt, graphite, or metallic minerals. Thus, interpretations of MT data often involve quantitative estimates of this small fraction using models of how that phase is connected [e.g., Waff, 1974; Mareschal et al., 1995] .
These estimates are based on both empirical [e.g. Archie, 1942; Roberts and Tyburczy, 1999] 3 and theoretical [e.g., Hashin and Shtrikman, 1962] models, but almost all of them invoke a mix of only two phases. Waff [1974] computed the effective conductivity of a mix of conductive partial melt and resistive olivine matrix using both spherical and block models. Waff showed that the spherical model (equivalent to embedding a infinite number of composite spheres with an infinite range of diameters) yielded an effective conductivity of where f1 is the volume fraction of conductivity σ 1 and f2 is the volume fraction of conductivity σ 2.
Waff's cubic block model yielded an effective conductivity of In both models, σ 2 formed the interconnected phase; it was the outer shell of the composite sphere and in the interconnected cracks in the block model. Waff showed that both of these reduced to the same form, σ eff ≈ 2f2σ2/3, where σ 2 >> σ 1 and the volume fraction of f2 is small. This approximation is used to estimate the melt fraction in the mantle because solid olivine is much more resistive than melt [Waff, 1974] .
Series and parallel equivalent circuit models of two interconnected phases transporting are also used [e.g., Waff 1974; Roberts and Tyburczy, 1999] . The series model assumes that both
.
(2) 4 phases form interconnected networks that are connected to each other in series: and the parallel model assumes the networks are connected in parallel: Xu et al. [2000] utilize an effective medium (EM) theory for two phases. While they modeled mantle conductivity with multiple phases, they used the EM model with only the two most abundant phases:
For use in rocks with multiple conductive phases, Xu et al.' s approach would have to be modified because those phases would significantly lower the effective conductivity of the medium.
One of the most widely models is the Hashin-Shtrikman (HS) model [Hashin and Shtrikman, 1962] . This was one of the few calculations that explicitly included multiple phases and was based on absolute upper and lower bounds on the electrostatic energy of the composite. The lower bound of effective conductivity of a system consisting of phases σ 1 < σ 2 < σ 3 ...< σ n with volume fractions f1, f2, f3, ..., fn is:
where σ min (=σ1) is the minimum conductivity in σ i and [Hashin and Shtrikman, 1962] . The upper bound is given by where σ min (=σn) is the maximum conductivity in σ i and Hashin and Shtrikman [1962] showed that for two phases, these equations reduced to those for a
composite sphere with an outer shell of σ min for the lower bound and an outer shell of σ max for the upper bound. In both cases, the outer shell is effectively the interconnected phase and the inner one is disconnected. For a binary system consisting of melt and matrix, the upper bound would represent an interconnected melt phase surrounding matrix grains and the lower bound would represent isolated melt pockets surrounded by matrix grains.
There are also empirical, or phenomenological, models of rock conductivity. The most widely used model of this type is Archie's law [Archie, 1942] . This gives the effective conductivity of a medium as a result of a conducting fraction f1 with conductivity σ 1 as where n is an empirically determined constant representing the tortuosity of the interconnected conducting paths and C is also empirically determined. Roberts and Tyburczy [1999] recently determined that a model of partial melt in the mantle could best be fit with C=0.73 and n=0.98. Note that this is fairly close to the approximation of Waff's [1974] models or the HS upper bound for melt conductivity much higher than the matrix (C=0.67 and n=1 in the approximation). All of these models appear to indicate that the effective conductivity is linearly dependent on the volume fraction and conductivity of the most conductive fraction. A simple extrapolation of these results would be simply identify the most conductive fraction and model the conductivity of the rock using just that phase.
The general conclusion from these various studies is that the parallel model (4), HS upper bound (8), or the Archie-type law (10) work equivalently well. All of these models imply that the most conductive phase (usually melt) is interconnected. This is a reasonable result because this melt does eventually escape and erupt at the surface or underplate the crust.
How is a rock containing more than one conductive phase modeled, however? Only the HS upper and lower bounds are even derived for multiple phases. Ducea and Park [2000] attempted to model a mantle with 2 conductive phases (sulfide melt and basalt melt) whose combined volumetric
6 fraction was small compared to the matrix (olivine). In their approach, they used a composite sphere model, which is identical to the HS bound for two phases, to compute an effective conductivity of the melt and then used Waff's cubic block model with the composite melt filling the fractures between the olivine matrix grains. The basaltic melt formed the connected phase (i.e., the outer shells of the spheres) within the composite melt; a reasonable assumption because the sulfide was a very small fraction (0.06%-0.4%) of the xenolith volume [Ducea and Park, 2000] . Booker [personal communication, 2001] raised concerns about this model because it predicted that, in the presence of sulfide melt, the effective conductivity would decrease as small amounts of basaltic melt were added to the system. It was counterintuitive that an increase in the overall conductive fraction would decrease the bulk conductivity, and this led to the present study.
This behavior appears to be an artifact of the model process, and will be explained in this study.
Here, we examine several multiphase models with a different approach than is usually taken.
The models discussed above have been developed principally from laboratory measurements under controlled conditions [e.g., Roberts and Tyburczy, 1993a, 1993b; Duba and Constable, 1993; Shankland and Duba, 1990; Xu and Shankland, 1999; Xu et al., 2000] . We will show that we can use good constraints on the conductivity of a region in the upper mantle beneath the southern Sierra Nevada [Park et al., 1996] and on xenolith composition and thermobarometry Saleeby, 1996, 1998; Mukhopadhyay and Manton, 1994; Ducea and Park, 2000 ] to eliminate possible models of how the basalt, sulfide, and matrix phases are connected. We will show that the preferred models are consistent with experimental data on sulfide melts in mantle rocks. Because a simple geometric model like a layered sphere does not exist for multiple phases, we will also derive this result.
Constraints on Upper Mantle Conditions beneath the Sierra Nevada
Two major projects focused on the southern Sierra Nevada in the past decade have shown 7 that the highest elevations (>4000 m) in the conterminous United States are underlain by a rootless crust [Wernicke et al., 1996] . Low electrical conductivities [Park et al., 1996] and seismic velocities [Jones et al., 1994; Ruppert et al., 1998] have been interpreted to indicate partial melt in the upper mantle. Ducea and Saleeby [1996] have found Quaternary peridotitic xenoliths from the eastern Sierra Nevada that equilibrated at temperatures of 1180-1220°C and pressures of 1.2-1.8 GPa (Figure 1 ). Moore and Dodge [1980] and Dodge and Moore [1981] report late Quaternary xenolithbearing basalts in the eastern Sierra Nevada region. Thus, several lines of evidence indicate the likely presence of partial melt beneath the highest Sierra Nevada. This region of partial melt is inferred to be asthenosphere which has replaced lithosphere that has delaminated since the Pliocene [Ducea and Saleeby, 1998; Lee et al., 2000; Lee et al., 2001] . Ducea and Park [2000] also reported 0.06-0.4 vol% of sulfides in Quaternary xenoliths from the eastern Sierra Nevada. Finally, Park et al. [1996] concluded that the conductivity of the mantle at depths of 40-70 km was bounded by 0.03-0.1 S/m. Park et al. [1996] suggested that the enhanced conductivity in the sub-Sierran mantle was due to 2-5% partial melt using an HS upper bound for bulk conductivity. However, Ducea and Park [2000] outlined objections to this high a volume of partial melt. First, the basaltic flows observed at the surface are volumetrically too minor to account for this much partial melt. Second, seismic data shows no evidence of basaltic underplating [Ruppert et al., 1998 ]. Third, petrological modeling using MELTS [Ghiorso and Sack, 1995] with the observed xenolith compositions indicate only 1-2 % partial melting ( Figure 2 ). Such a small amount of melt could not account for the observed mantle conductivities, leading Ducea and Park [2000] to look for other causes and to discover sulfides in the xenoliths. A small amount of sulfide could reduce the volume of basalt needed to less than 1% [Ducea and Park, 2000] . The monosulfide series begins melting at temperatures above 1150°C for a pressure of 1 GPa and 1200°C at a pressure of 2.0 GPa [Lorand and Conquere, 1983] , so its coexistence with basaltic melt (which melts at higher temperatures) is assumed ( Figure 1) . A summary of the constraints discussed here are in Table 1 ; they will be used to assess the suitability of various models in the next sections.
Effective Conductivity of Layered Spherical Shell
We extend Hashin and Shtrikman's [1962] derivation for the equivalent conductivity of a 2phase sphere to a 3-phase sphere. Inclusion of additional layers to their model is trivial but analytic expressions for the effective conductivity become complicated. A key point is that a model of an equivalent medium by embedding an infinite number of spheres with an infinite range of radii is valid only if the maximum radius is small compared to the distance at which the observations of potential are made. For mantle depths of 40-70 km, this model will be valid for a material with grain sizes typically found in the mantle (~1 mm). Details of the derivation are provided in the Appendix;
we just outline the steps here and then present the result. The goal is to find a homogeneous sphere with an equivalent conductivity, σ eff, that perturbs a uniform electric field in the same manner as does the layered sphere ( Figure 3 ). Then, the electrostatic energy of both spheres is equal. With σ 1 forming the core of the sphere and σ 3 forming the outermost shell, where S3 = σ 3/ σ 2 and An infinite number of equivalent spheres with an infinite range of radii are then used to fill the space, resulting in a homogeneous equivalent medium ( Figure 4 ). This reduces to Waff's [1974] equation (1) for a sphere with 2 phases when σ 1= σ 2.
Component Conductivities
Conductivities of the components (sulfide melt, basalt melt, peridotite matrix) can generally
9 be estimated from previous laboratory experiments. The largest uncertainty comes from the conductivity of the sulfide melt, which has never been measured. Duba et al. [1994] have measurements of 10 3 -10 5 S/m for solid sulfide; Olhoeft [1981] has similar values for chalcocite, chalcopyrite, pyrite, and pyrrhotite. We would anticipate that the melt is more conductive than the solid because conductivity depends on mobility of free charge and that should be enhanced in a fluid. Nevertheless, We will use a conservative value of 10 4 S/m for the melt.
Conductivities of the basalt melt can vary with composition and temperature. Roberts and
Tyburczy [1999] showed that the conductivity can vary by as much as an order of magnitude, from 1 S/m at 1150°C to 10 S/m at 1250°C. Direct measurement of melt conductivity is difficult and rarely done. Instead, measurements of bulk conductivity on partially melted samples are made and then models such as the ones discussed here are used to determine melt conductivity. In an alternate approach, Roberts and Tyburczy [1999] used an equilibrium melt fraction program (MELTS) by Ghirorso and Sack [1995] to predict melt fraction and then estimated melt conductivity from this predicted fraction and measurements of bulk conductivity using an HS upper bound (8). They computed values of 0.65-0.98 S/m for temperatures comparable to ours, but concluded that their values were lower than observed values by approximately a factor of 3. Therefore, we chose to follow what Ducea and Park [2000] did and use Shankland and Waff's [1977] equation for melt conductivity:
where Ea= 1.15 eV and σ 0 = 18,400 S/m. Equation (13) predicts a values of 1.55 S/m at 1150°C to 2.86 S/m at 1250°C, so the basalt melt conductivity varies by less than a factor of 2 over the temperature range in Table 1 .
Finally, conductivity of the solid matrix was estimated. Ducea and Park [2000] used
results from Shankland and Waff [1977] for solid olivine where Ea= 1.37 eV, ∆V=-.003 eV/kbar, and σ 0 = 22.3 S/m. Xu et al. [2000] showed that both orthopyroxene (opx) and clinopyroxene (cpx) are more conductive than olivine. Thus, we examined the possibility that Ducea and Park [2000] had underestimated the conductivity of the matrix by assuming the same pyrolite model chosen by Xu et al. [2000] and used the HS upper bound (8) to combine the phases. This model had 60% olivine, 25% opx, and 15% cpx. While Xu et al. [2000] used this composition for the mantle at depths of 200-300 km only, we extrapolated it to much shallower depths; they did not examine models shallower than 200 km. Mineralogical and geochemical analyses of the peridotite xenoliths [Ducea and Park, 1996] show that while proportions of these 3 minerals may differ in individual samples, Xu et al.' s composition is a good average. The temperature-dependent conductivity of opx and cpx was modeled using parameters (Table 2) from Xu et al. [2000] . Calculations of the effective conductvity of the pyrolite (HS+) shows that this matrix is approximately 2.5 times more conductive than the olivine ( Figure 5) used by Ducea and Park [2000] . As we show below in comparison of various sphere models using (11), the effect of a more conductive matrix does not significantly affect the modeling used by Ducea and Park [2000] .
Comparison of Conductivity Models
We show here that certain models can be eliminated because they predict bulk conductivity that does not lie within the constraints in Table 2 . Unlike the philosophy of studies such as Hashin and Shtrikman [1962] in which they attempted to determine maximum and minimum possible bounds, we search for models that permit reasonable estimates of melt fractions from bulk conductivities in the case of multiple phases. The constraints of bulk conductivity beneath the Sierra Nevada between 0.03-0.10 S/m, temperatures of 1180-1220°C, sulfide fractions of less than 0.4%,
and basaltic melt less than 2% defines a volume in parameter space. Viable models must have predicted bulk conductivities that pass through this space. We will show that some models do not intersect this space. For the purposes of calculations, we will use fractions of sulfide from 0.01%-10% and fractions of basaltic melt from 0.01%-10%. Below 0.01%, it is unclear whether melts will form an interconnected network. Above 10%, most models predict that too high a bulk conductivity.
We also limit the range of models tested to those which permit more than two phases; thus, the equivalent medium model, the modified Archie's law from Roberts and Tyburczy [1999] , and Waff's [1974] cubic block model will not be tested.
Series models (3) 
Spherical Inclusion Models
A variety of layered spherical models were examined because of the possible combinations of three phases. Six possible combinations were tested (Table 3) using both olivine as the matrix and solid pyrolite as a matrix. There is little difference between the results for the two different types of matrix because the melts were much more conductive than either solid (Table 3) . Thus, further discussion will be based on models with the simpler matrix of pure olivine. When considering these models, it is important to remember that only the outer shell of the sphere forms an interconnected phase. This observation will be important when we discuss the petrological implications of these results.
Both of the models with olivine as the interconnected phase (i.e., the outer shell) predict conductivities that are too low to match our constraints (Table 3) . This is because, like the HS lower bound, the resistive matrix acts as a barrier to current flow. Indeed, these models predict conductivities comparable to those of the HS lower bound. Both of the models with sulfide as the interconnected phase predict conductivities that are too high to match our constraints but are comparable the those of the HS upper bound (Table 3 ; Figure 6 ). The sulfide melt essentially shorts out current flow. The two remaining models have basaltic melt as the interconnected phase, but produce very different results (Table 3) .
In the first model with basaltic melt as the outer phase, the sulfide melt is in contact with the basalt and conductivities are indistinguishable from those where the sulfide is the outer phase and basalt is the middle shell ( Figure 7 ). This model is thus a viable one for the mantle 13 beneath the Sierra Nevada. Note that this model does not predict that the bulk conductivity decreases as small amounts of basaltic melt are added in the presence of sulfide melt, as did the one used by Ducea and Park [2000] .
Hybrid Models
Most of the models tested above predict bulk conductivities that lie uniformly above or below the constrained range from MT observations. Only two models, that of a composite sphere with an interconnected basaltic phase separated from isolated blebs of sulfide melt by matrix and that of Ducea and Park [2000] , matched the observations. An additional model was tested here.
Based on the Hashin-Shtrikman formulae, it did not seek an absolute upper or lower bound.
Instead, basaltic melt was chosen as the interconnected phase:
where This model predicted conductivities between 0.0013-0.631 S/m ( Figure 6 ), which falls within the range of observed values for the Sierra Nevada. Note that there is no loss of validity in the use of the Hashin-Shtrikman formula for calculation of an effective conductivity; it just no longer provides absolute bounds.
We reproduced the results of Ducea and Park [2000] by modeling the melt with both the HS upper bound (8) and lower bound (6) and then embedding that composite melt in a solid matrix using the HS upper bound (8). Use of the HS upper bound for the melt means that the sulfide melt is the interconnected phase and predicted bulk conductivities are uniformly too high (Figure 8 ). Use of the HS lower bound for the melt and thus making the basaltic melt interconnected results in bulk conductivities that fall within the limits of the constraints (Figure 8 ). However, the curved surface for this latter bound reproduces the counterintuitive behavior seen in Ducea and Park [2000] .
Summary
Only three models, two of which are presented here, produce bulk conductivities which fall within the range of values calculated from the MT data for the sub-Sierran mantle. Neither the composite sphere nor the Hashin-Shtrikman middle bound (16) predict that the bulk conductivity decreases as small amounts of basaltic melt are added, and are thus preferred over Ducea and Park's [2000] model. This latter model produced counterintuitive results because of the way that the melt is constructed. Use of the HS lower bound for the mix of basaltic and sulfide magmas means that the basalt is interconnected, but the sulfide is not. As basaltic magma is added to the system and the matrix volume is reduced, two effects work at cross purposes. First, the bulk conductivity increases
because a greater percentage of melt is added. However, the conductivity of that melt decreases as a greater fraction of the less conductive melt (basalt) is added. The decrease of melt conductivity occurs more rapidly than does the increase of bulk conductivity, and the net effect is to lower the bulk conductivity for certain sulfide fractions [see Ducea and Park, 2000; their Figure 4 ]. This behavior is not seen in the two preferred models presented here.
Discussion
The three models that produce bulk conductivities within the range of 0.03-0.1 S/m have two features in common. They all have an interconnected basaltic melt and all have a disconnected sulfide melt. Both types of melt must be present; sulfides are observed in the xenoliths. Earlier estimates by Park et al. [1996] of 2-5% partial basaltic melt seem even less likely because this is the value of interconnected melt. Roberts and Tyburczy [1999] show that approximately only 30% of the petrologic melt actually forms an interconnected phase, so 2-5% partial melt actually translates to 6-10% petrologic melt, and this high a volume is not indicated by geochemical analyses of the basalts (Figure 2 ). How does this translate into an appropriate choice for a model for conductivity with multiple phases? The layered sphere model with sulfide forming an inner core and a basaltic middle shell separating it from an outer basaltic shell seems to work well and provides a realistic physical model that matches the petrologic observations. The HS hybrid model (HS middle bound), while not providing abolute bounds on conductivity, is consistent with the ierran observations. The Ducea and Park [2000] model, while matching the constraints, produces a counterintuitive result and is therefore probably not as good as the others. However, laboratory measurements of synthetic mixes of sulfide, basalt, and olivine need to be conducted under appropriate fO2 and fS2 conditions over a range of temperatures from 900 to 1300°C. This temperature range would span the solidus curves for both melts and allow measurements of conductivity with no melt, sulfide melt only, and finally 16 both melts.
Sulfides are common accessory phases in mantle xenoliths worldwide [Lorand, 1990] , so they could have a profound effect on the conductivity of the upper mantle. We have assumed the sulfide melt exists as a distinct phase from the silicate melt because solid sulfides are seen in samples [Ducea and Park, 2000] , but could these sulfides have precipitated directly from dissolved sulfides in the basaltic melt? If so, then our hypothesis is incorrect that the melt conductivity is dramatically increased by sulfide melt.
Sulfides in mantle rocks have only recently been intensely studied because they affect the behavior of the commonly used Os isotopic system [Pearson et al., 2002] . [Lorand, 1990] . Western United States mantle peridotites have generally higher amounts of sulfides (~0.08 %) compared to European peridotite massifs [Lorand et al., 1989] , and mantle xenoliths from central and eastern Europe [Lorand, 1990; Szabo and Bodnar, 1995] , Australia [Handler and Bennett, 1999] , and China [Guo et al., 1999] . Bulk rock measurements indicate that sulfur concentrations in continental upper mantle assemblages are about 200-350 ppm [Lorand, 1990] . Modal analyses of thirty xenoliths from the eastern Sierra Nevada conducted for this study indicate sulfide concentrations of 0.04-0.4 % by volume, with and average of 0.09 % by volume in peridotites (equivalent of S~ 300 ppm sulfur concentration), within the range of previously estimated sulfide concentrations in the shallow mantle beneath the western United States [Dromgoole and Pasteris, 1987; Wilson et al., 1996] and also within the range, but at the higher end of sulfur concentrations worldwide. We observed no correlation between textural types of peridotites or fertility of peridotites (i.e. modal concentration of clinopyroxene) and the amount of sulfides present in the Sierran peridotites.
Studies of MSS mantle sulfides indicate that most likely they represent the quenched products of sulfide melts. MSS melt slightly below 1100 0 C at 10 kbar [Ryzenkho and Kennedy, 1973] ; it is therefore expected that if sulfides were present within a hot shallow mantle assemblage such as the one preserved in xenoliths from the eastern Sierra Nevada-western Basin and Range, they will be molten (Figure 1) . In comparison, a cold geotherm characteristic for Archean cratons will not cross the MSS solidus within the upper 200 km. Sulfides are expected to be molten throughout much of the shallow mantle of the Basin and Range province, given the high equilibration temperatures of spinel peridotites (see Smith, 2000, for a regional review of peridotite thermometry).
The sulfide melts could have formed in one of three ways: 1) independently of any other melt as immiscible fluids due to the overall heating of the extending Basin and Range; 2) as immiscible liquids formed at sulfur saturation in silicate melts [e.g. Dromgoole and Pasteris, 1987];  or 3) in conjunction with a CO2 gas-rich phase [Shaw, 1997] . The second explanation is thought to be the most common process responsible for the generation of sulfides with textural appearance of former melts, which is commonly observed in upper mantle xenoliths.
A plausible mechanism capable of generating new sulfide in a hot, asthenospheric-like shallow mantle like the one beneath the eastern Sierra Nevada region is liquid immiscibility. Silicate liquids either generated in situ or traveling from greater depths to the mantle represented by the xenoliths can exsolve sulfide melts. The silicate-sulfide liquid immiscibility has been well documented at both low and high pressures in basaltic systems [Naldrett, 1989] . If the amount of sulfur present in the magma exceeds the solubility, it will form a second immiscible liquid phase whose composition is of a typical MSS [Fleet and Pan, 1994] . The solubility of sulfur in basaltic liquids at 10-15 kbar is about 1000-15000 ppm [Mavrogenes and O'Neill, 1999] . Immiscible sulfide melt fractions of 0.2-1.4 wt% are predicted to coexist with basaltic melts at 10-15 kbar and low (<5%) melt fractions (Figure 9 ). The ratio of sulfide to silicate melt depends on the silicate melt fraction: the lower the silicate melt fraction, the higher the sulfide/silicate ratio. If the presence of sulfide melt can increase the electrical conductivity of partially molten mantle, that effect is expected only for lower silicate melt fractions.
Silicate melts typically escape their mantle source regions, even at low melt fraction because of their mobility. In contrast, it is commonly assumed that sulfide melts remain in the mantle [e.g. , 1987] due to their high density (3.8-4 g/cm 3 ) for molten MSS [Kaiura and Toguri, 1979] . Clearly, this must be true to some extent; the sulfides seen in peridotite xenoliths from the eastern Sierra Nevada show textural evidence that they were once molten and quenched within the peridotite framework. The corresponding silicate melt is rarely seen as glass inclusions.
Dromgoole and Pasteris
However, the dynamic details of this complex multiphase solid-melt system are unknown and we suspect that some sulfide mobility at meter to kilometer scale as melt is very plausible.
We have shown that it is plausible that immiscible sulfide melts have formed in the shallow sub-Sierran mantle and that those melts have likely remained there since formation. However, our modeling has shown that it is unlikely that those melts form an interconnected network. Is this reasonable? Holzheid et al. [2000] observed dihedral angles between sulfide and silicate melts of greater than 60° and of 60-125° between sulfide melts and olivine at pressures of 1.5 GPa and temperatures of 1370-1410°C. The sulfide melts formed pockets on the surfaces of the olivine matrix, while the basaltic melt formed an interconnected phase. However, recent experiments have shown that dihedral angles could be lower and sulfide melt could form an interconnected phase if the environment is fairly oxidizing. While Gaetani and Grove [1999] showed that dihedral angles can be reduced to slightly less than 60° by dissolving up to 10 wt% oxygen in sulfide melt at 1 bar pressure and a temperature of 1350°C, the effect of pressure appears to be to increase that angle [Minarek et al., 1996] . Above a threshold of oxygen dissolved in MSS, the dihedral angle in a 19 molten MSS-solid olivine system can be less than 60 degrees [Gaetani and Grove, 1999] . The Sierran Nevada xenoliths equilibrated at typical mantle oxygen fugacities, which are close to the QFM buffer [Ducea and Saleeby, 1996] . Under these conditions, it is unlikely that MSS melts formed an interconnected network, following the experimental results of Gaetani and Grove (1999) .
Should the sulfide melts be interconnected in the absence of silicate melts, they would produce much higher conductivities than what has been observed [Park et al., 1996] .
Conclusions
We have shown that measurements of in situ mantle electrical conductivity can be modeled with a composite sphere model and that melt fractions lie within bounds expected from petrological and geochemical analyses of xenoliths and basalts. This model predicts correctly the connectivity between the solid matrix and two more conductive melt fractions. While this model has been developed for examining the role of multiple partial melts on mantle conductivity, it could also be used in studies of the effect of carbon on mantle conductivity. 20 with 3 layers in a uniform E field to that of a homogeneous sphere with equivalent conductivity, σ eff.
If the two potentials are equal, then the composite can be replaced by the homogeneous sphere. The spherical model (Figure 1 ) in a homogeneous electric field, E0, is azimuthally symmetric with a z axis aligned along the direction of the field. With this coordinate system, the potential is given by -E0z. In spherical coordinates, this potential is φ = -E0r cos(θ). Because the external potential on the sphere has only a cos(θ) angular dependence, symmetry arguments show that the potential can have only spherical harmonics which involve the Legendre polynomials P 0 1 = cos(θ). This means that the general radial dependence for the potential is given by:
where Ai and Bi are coefficients within the ith shell. In order to avoid singularities at the origin , r
(r=0), the potentials in the shells in Figure 1 are for the inner shell (0 ≤ r ≤ r1), for the middle shell (r1 ≤ r ≤ r2), and for the outer shell (r2 ≤ r ≤ r3). Note that the cos(θ) dependency has already been factored out of each term in (19)- (21). The boundary condition that the potentials be continuous at r=r1, r=r2, and r=r3 leads to the following equalities and Continuity of normal current density across the interfaces, given by (Technically, the left side of (28) is equal to -σoutsideE0 and so is the right side if the composite sphere is replaced by an equivalent homogeneous sphere.)
The set of equations (22)-(28) provides a unique solution for A1, A2, A3, B2, B3, E0, and σ eff, but we are interested in only the last term. A matrix can be set up and solved for these coefficients as Waff [1974] did, but it is cumbersome to set the determinant of that matrix to zero and derive an expression for σ eff. Instead, (26)-(28) can be expressed in terms of ratios of conductivities and where S2 = σ 2/ σ 1, S3= σ 3/ σ 2, S * = σ 3/ σ eff. Equations (22) (32) and (33) can be combined to yield σ eff in terms of the conductivities and radii of the shells Recognizing that the volume fractions of the shells are given by f1=4πr1 3 /3, f2=4π(r2 3 -r1 3 /3, and f3=4π(r3 3 -r2 3 /3, (35) can be rewritten to yield (11). As long as the relative volumes of the shells are preserved as the medium is constructed of an infinite number of spheres with an infinite range of radii (Figure 2 Archie, G.E., The electrical resistivity log as an aid in determining some reservoir characteristics, Trans. Am. Inst. Min. Metall. Pet. Eng., 146, 54-62, 1942. Dodge, F.C.W., and J.G. Moore, Late Cenozoic volcanic rocks of the southern Sierra Nevada, California: II. Geochemistry: Summary, Geol. Soc. of Am., 92, 912-914, 1981. Dromgoole, E.L., and J.D. Pasteris, Interpretation of the sulfide assemblage in a suite of xenoliths
. r the MELTS algorithm [Ghiorso and Sack, 1995] . The calculation was performed at a pressure of 1GPa assuming batch melting. Step 1: Fill with composite spheres
Step 2: Replace composite with homogenous spheres with eff
Step 3: Dissolve boundaries between like conductivities. 
